The deregulated expression of cyclin E as measured by the overexpression of its low molecular weight (LMW) isoforms is a powerful predictor of poor outcome in patients with breast cancer. The mechanism by which these LMW forms give tumor cells a growth advantage is not known and is the subject of this article. In this article, we provide the pathobiological mechanisms of how these LMW forms are involved in disease progression. Specifically, we show that overexpression of the LMW forms of cyclin E but not the full-length form in MCF-7 results in (a) their hyperactivity because of increased affinity for cdk2 and resistance to inhibition by the cyclin-dependent kinase inhibitors p21 and p27, (b) resistance to the growth inhibiting effects of antiestrogens, and (c) chromosomal instability. Lastly, tumors from breast cancer patients overexpressing the LMW forms of cyclin E are polyploid in nature and are resistant to endocrine therapy. Collectively, the biochemical and functional differences between the full-length and the LMW isoforms of cyclin E provide a molecular mechanism for the poor clinical outcome observed in breast cancer patients harboring tumors expressing high levels of the LMW forms of cyclin E. These properties of the LMW forms cyclin E suggest that they are not just surrogate markers of poor outcome but bona fide mediators of aggressive disease and potential therapeutic targets for patients whose tumors overexpress these forms.
INTRODUCTION
The cell cycle is, by definition, deregulated in human cancer cells (1) . In particular, the transition from G 1 -S-phase is the most commonly noted cell cycle abnormality in tumors (1) . In breast cancer, cyclin E, a G 1 cyclin that plays a key role in G 1 -S transition, is overexpressed through gene amplification, mRNA stabilization, down-regulation of its specific F-box protein (2-4), or posttranslational modifications that lead to generation of low molecular weight (LMW) forms (5) . In breast cancer, we have noted that the LMW isoforms of cyclin E increase with increase in stage of disease (6) . We recently compared cyclin E in breast cancer patients to other frequently used clinical, pathological, and biological prognostic factors, including tumor size, nodal status, clinical stage, Her-2/neu expression, DNA ploidy, proliferative index, estrogen receptor (ER) and progesterone receptor expression, and cyclin D 1 and D 3 levels (7, 8) . Cyclin E levels in tumor tissue from 395 patients across all stages of disease were measured using Western blot assay and scored for expression of full-length and LMW isoforms. With a median follow-up of 6.4 years, cyclin E levels correlated strongly with disease-specific and overall survival in patients with stage I, II, and III disease but had no impact on outcome in stage IV patients. The prognostic significance of cyclin E was particularly striking in patients with stage I disease, where only the 12 patients (of 114) whose tumors overexpressed cyclin E died of disease with a median time to death of 4.1 years. Using a Cox proportional hazards model, total (i.e., LMW ϩ full length) cyclin E levels remained the most important predictor of death from breast cancer with a hazard ratio of 13.3 compared with a hazard ratio of 2.1 for high levels of LMW cyclin E and a hazard ratio of 1.8 for positive nodes.
The mechanism by which overexpression of cyclin E and the appearance of the LMW forms are prognostic of poor clinical outcome is unclear. We do know that only tumor cells have the machinery to process cyclin E into its LMW forms (9) . This tumor-specific processing is catalyzed by an elastase-like protease that cleaves the full-length cyclin, EL1 (M r 50,000), at two distinct sites in the NH 2 terminus, generating five isoforms that differ by their molecular weights. EL2 (M r 45,000) and EL3 (M r 44,000) are generated by cleavage at N40 -N45, whereas EL5 (M r 35,000) and EL6 (M r 33,000) are generated by cleavage at D70. Isoform EL4 (M r 40,000) is generated by using an alternate start codon at methionine 46. In vitro, we have discovered that introduction of these LMW forms into immortalized, nontumorigenic breast epithelial cell lines results in alterations in the G 1 -S checkpoint (10, 11) .
Deregulation of cyclin E levels may contribute to the genesis of some cancers. For example, several studies have shown that constitutive or inducible cyclin E overexpression leads to decrease in the length of the G 1 interval, accelerated entry into S phase, and decreased cell size; it also diminishes the serum requirement for the transition from G 1 -S phase (12, 13) . When cyclin E is overexpressed in human fibroblasts, these cells require serum for prolonged proliferation, do not form foci in soft agar, and are not immortalized, suggesting that cyclin E overexpression is not sufficient for cell transformation (12) . When cyclin E is overexpressed in the mammary glands of transgenic mice via the ␤-lactoglobulin promoter, 12% of the animals develop breast carcinomas but only after a long latency of 8 -13 months (14) , suggesting that additional molecular events are necessary for development of these cancers. Additionally, constitutive overexpression of cyclin E (but not cyclin D1 or A) in both immortalized rat embryo fibroblasts and human breast epithelial cells results in chromosome instability (15) . The turnover of cyclin E, which is controlled by site-specific phosphorylation (16, 17) and by the F-box protein Fbw7 (4) , is also deregulated in cancer. Fbw7, which is also called Cdc4, is responsible for degradation of human cyclin E and is mutated in breast and ovarian cancer cell lines with high levels of cyclin E protein (18, 19) and in at least 16% of human endometrial tumors (20) . All these studies used a construct of cyclin E missing exons 1 and 2 so that translation starts at methionine 16 in exon 3 and codes for a M r 45,000 cyclin E protein. Subsequent studies provided evidence that the fulllength cyclin E that occurs abundantly in tumor cells is translated from the cyclin EL mRNA (i.e., the 15-amino acid elongated variant of cyclin E; Ref. 21) and not from the M r 45,000 form initially cloned as this G 1 cyclin (22, 23) . The M r 45,000 protein, moreover, is not detected in mammary epithelial cells, and the cyclin E form that is expressed abundantly in both normal and tumor cells is the full-length cyclin EL1 with a molecular weight of M r 50,000 (5, 21) . The question remains if the biological roles of the full-length cyclin EL is different from that of the tumor specific LMW forms.
The LMW forms of cyclin E lack varying amounts of the NH 2 -terminal of the native molecule, which are generated by proteolytic cleavage, mediated by elastase, a protease that itself has been implicated in breast cancer metastasis. Hence, these LMW forms of cyclin E may be merely a surrogate marker of poor prognosis and not directly related to disease progression and metastasis. In this study, we have directly addressed the biological role of the LMW forms of cyclin E using a model system overexpressing the native full-length or each of the LMW forms in the estrogen-responsive, antiestrogensensitive breast tumor cell line MCF-7. We show that MCF-7-overexpressing the LMW forms and not the full-length form have higher cyclin E-associated kinase activity and are resistant to inhibition by p21 and p27 in a cellular context where p53 and p21 are significantly induced. These LMW-overexpressing cells are also resistant to the growth inhibitory activity of antiestrogens mediated through the resistance of these cells to p21. We also show that among patients with ER-positive tumors that express high levels of cyclin E, diseasespecific survival (DSS) rate is not improved by treatment with antiestrogens. Lastly, the LMW forms of cyclin E also induce chromosomal abnormalities, and patients with high levels of cyclin E are more prone to have polyploid tumors than those with low levels of cyclin E. Collectively, the data presented in this report provide evidence that the processing of full-length cyclin E into its LMW forms may be one of the key early events leading to a more aggressive and lethal phenotype of breast cancer.
MATERIALS AND METHODS
Cell Culture and Establishment of Stable Cell Lines. The cell lines derived from MCF-7 human breast cancer cells were cultured as described elsewhere (24) . Empty vector pcDNA 4.0 (Invitrogen, Carlsbad, CA), cyclin EL1-FLAG, and cyclin E-FLAG constructs Trunk1 (T1) and Trunk2 (T2), described elsewhere (5), were transfected into MCF-7 cells by using FuGENE (Invitrogen). After transfection, the cells were placed in medium containing 80 g/ml zeocin (Invitrogen), and individual colonies were isolated and propagated. Positive transfectants were identified by their immunoreactivity on Western blots (40 g of protein/lane) probed with monoclonal anti-FLAG (M2; Sigma, St. Louis, MO) and monoclonal anti-cyclin E (HE-12; Santa Cruz Biotechnology, Santa Cruz, CA). For experiments investigating the effect of ICI 182,780, 150-mm diameter plates were seeded with 1 ϫ 10 6 cells in improved modified essential medium without phenol red (no. 108-500; Biosource International, Camarillo, CA) supplemented with 5% charcoal-treated serum and 17␤-estradiol 10 8 M for 48 h. After being washed in PBS, the cells were treated with medium containing 10 8 M ICI 182,780 and harvested at the times indicated. ICI 182,780 (Tocris, Ellisville, MO) was dissolved in DMSO to a concentration of 100 mM.
Western Blot Analysis. Cell lysates were prepared and subjected to Western blot analysis as described previously (25) . Briefly, 50 g of protein were subjected to electrophoresis on SDS-PAGE and transferred to Immobilon P overnight at 4°C at 35 mV constant voltage. The blots were blocked overnight at 4°C in BLOTTO [5% nonfat dried milk in 20 mM Tris, 137 mM NaCl, and 0.05% Tween (pH 7.6)]. After being washed, the blots were incubated in primary antibodies for 3 h. Primary antibodies used were cyclin E (HE-12; Santa Cruz Biotechnology), FLAG (M2; Sigma), p53 (Ab-6; EMD Biosciences, Inc., San Diego, CA), p21 (OP64; Oncogene Research Products, Boston, MA), p27 (K25020; BD Biosciences-Transduction Laboratories, Lexington, KY), cyclin-dependent kinase 2 (CDK2; Transduction Laboratories), and actin (Chemicon International, Inc., Temecula, CA). Blots were then incubated with goat antimouse or antirabbit immunoglobulin-horseradish peroxidase conjugate at a dilution of 1:5000 in BLOTTO for 1 h and finally washed and developed by using the Renaissance chemiluminescence system as directed by the manufacturer (Perkin-Elmer Life Sciences, Inc., Boston, MA). Western blots were quantitated by densitometric analysis using IPLab Gel software (Scientific Image Processing, Vienna, VA). The levels of proteins examined in individual clones were measured by densitometric scanning of the corresponding bands. Actin densitometric values were used to standardize for equal protein loading. These values were introduced into the software GraphPad Prism version 4.0 (GraphPad Software, Inc., San Diego, CA) for statistical analysis.
Immunoprecipitation and Immunoblotting. Two hundred fifty g of cell extracts were used per immunoprecipitation with monoclonal antibody to FLAG (F3165; Sigma), polyclonal antibody to cyclin E, polyclonal antibody to CDK2 (5, 7), polyclonal antibody to p21 (C-19, sc-397; Santa Cruz Biotechnology), or polyclonal antibody to p27 (C-19, sc-528; Santa Cruz Biotechnology) coupled to protein A or G beads. After being washed, the immunoprecipitates were subjected to electrophoresis in 13% gels, transferred to Immobolin P, blocked, and incubated with the indicated antibodies as already described.
Protein Kinase Assays. For histone H1 kinase assays, the immunoprecipitates were incubated with kinase assay buffer containing 60 M cold ATP, 5 Ci of [ 32 P]ATP, and 5 g of histone H1 (Roche Diagnostics Corporation, Indianapolis, IN) in a final volume of 30 l at 37°C for 30 min. The products of the reaction were analyzed on 13% SDS-PAGE gels, and the gels were stained, destained, dried, and exposed to X-ray film. For quantitation, the protein bands corresponding to histone H1 were excised, and the radioactivity of each band was measured by Cerenkov counting.
Culture Conditions for Sf9 Cells, Virus Stocks, and Infections. Recombinant baculoviruses expressing CDK2, cyclin EL, T1, and T2 were produced from a pVL1392-expressing vector using a Baculovirus Gold kit and Sf9 insect cells as suggested by the manufacturers (PharMingen, San Diego, CA). In coinfection experiments, the two desired viruses were mixed together at the same titer and coinfected with the Sf9 cells at a multiplicity of infection of 0.7 each. For controls, Sf9 cells were infected with the individual recombinant virus at multiplicity of infection of 1.4. For in vitro binding assays, purified HA-p21 (obtained from J. Wade Harper) was added to 300 g of total cell lysate in a series of nine different concentrations (0 -500 nM) that were incubated at 4°C for 30 min followed by immunoprecipitation with anti-CDK2 antibody and coupling to Sepharose protein A beads. The HA-p21 complexes were then subjected to Western blot analysis with either anti-CDK2 or anti-p21 monoclonal antibodies diluted at 1 g/ml in BLOTTO.
Cell Cycle Analysis. Cells were pelleted and resuspended in 1.5 ml of PBS, then fixed in 3.5 ml of 95% ethanol overnight at Ϫ20°C. After being washed, the pellets were resuspended in a solution of PBS containing 10 g/ml propidium iodide, 20 g/ml RNase A, 0.5% Tween 20, and 0.5% BSA and incubated at 37°C for 30 min. The profiles of cells in the G 0 -G 1 , S, and G 2 -M phases of the cell cycle were analyzed at the M. D. Anderson Cancer Center Cytometry Core Facility on a FACSCaliber machine equipped with Cellquest or ModFit software.
Cytogenetic Analysis. Exponentially growing MCF-7 control and E-EL and LMW cyclin E cells were fed 24 h before harvesting for chromosome preparation. Cytological preparations were made following the standard procedures; briefly, cells were exposed to Colcemid (0.04 g/ml) for 1 h, subjected to hypotonic treatment (0.075 M KCl for 20 -25 min at room temperature), and fixation in a mixture of methanol and acetic acid (3:1 by volume; Ref. 26) . Slides were stained in Giemsa and examined blindly for structural and numerical abnormalities. These slides were decoded only after the entire scoring of aberrations was completed. From each sample, a minimum of 35 metaphase spreads were analyzed, and representative spreads were captured using a Genetiscan imaging system. One slide from each sample was also G-banded to confirm the identity of the MCF-7 cell line based on the presence of characteristic marker chromosomes (data not shown).
Patient Characteristics. The median age of the study population was 64 years (range, 29 -95 years). The majority (92%) had stage I, II, or III breast cancer. Sixty-seven percent of the total study population and 50% of patients with stage I disease had received adjuvant therapy. After a median follow-up interval of 6.4 years (range, 1.5-11.0 years), 121 of the 395 patients (30.6%) had died of breast cancer. The 5-and 10-year DSS rates for the entire cohort of patients were 71 and 62%, respectively. Overall survival rates were 66% at 5 years and 47% at 10 years. The results of the univariate analysis of DSS and overall survival according to clinical factors and biological markers were reported elsewhere (7). As expected, there was a significant association between clinical stage and outcome.
Statistical Methods. Results shown as mean Ϯ SD were compared by ANOVA with a significant level of P Ͻ 0.05 and P Ͻ 0.01. The nonparametric Spearman correlation was used to quantify the relationship between protein expression of Fig. 1B . The P (two-tailed) with a 95% confidence interval was calculated with a significant level of P Ͻ 0.05. DSS was calculated from the date of surgical excision of the primary tumor to the date of death from breast cancer. Surviving patients and patients who died of causes other than breast cancer were censored at the time of last follow-up or death. DSS curves were computed using the method of Kaplan and Meier. Univariate analyses of DSS by cyclin E LMW expression and other factors (ploidy or treatment) were performed using a two-sided log-rank test.
RESULTS
Expression of the Full-Length (EL1) and LMW Forms of Cyclin E in Breast Cancer Cells. As a first step to understanding the biological properties of the LMW forms of cyclin E in breast cancer, we generated a model system using stably transfected human mammary epithelial MCF-7 cells. The parental cells are derived from a human breast adenocarcinoma. They are ER positive, express the tumor-specific LMW forms at low levels (4) , and are a model for estrogen-responsive, antiestrogen-sensitive breast tumors. MCF-7 cells were transfected with either the vector backbone (4.0) alone or one of three FLAG-tagged cyclin E constructs termed EL1, T1, or T2. Fig. 1 . Expression of the EL1 and low molecular weight of cyclin E in breast cancer cells. A, schematic representation of FLAG-tagged cyclin E constructs. The three cyclin E constructs were engineered with a 3Ј-FLAG sequence represented by s. B, empty vector (4.0), cyclin EL1-FLAG, and cyclin E-FLAG constructs T1 and T2 were transfected into MCF-7 cells by using FuGENE. The transfected cells were selected using 80 g/ml zeocin. Positive transfectants were identified by their immunoreactivity on Western blots (50 g of protein/lane) probed with monoclonal anti-FLAG (M2; Sigma) and monoclonal anti-cyclin E (HE-12; Santa Cruz Biotechnology). C, MCF-7 stable transfectants were subjected to histone H1 kinase analysis. Equal amounts of protein (250 g) from cell lysates were prepared, immunoprecipitated with anti-FLAG or anti-cyclin E antibody coupled to protein A beads, and incubated in the kinase buffer using histone H1 as substrate. Histone H1-associated kinase activities were quantitated by Cerenkov counting (number of independent clones n ϭ 4 for 4.0, n ϭ 2 for EL1, n ϭ 7 for T1, and n ϭ 7 for T2 for cyclin E kinase activity; n ϭ 2 for EL1, n ϭ 3 for T1, and n ϭ 3 for T2 for FLAG kinase activity; ‫,ءء‬ P Ͻ 0.01 and ‫,ء‬ P Ͻ 0.05 versus empty vector-only cells for cyclin E kinase activity and versus EL1 cells for FLAG kinase activity).
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The EL1 construct codes for the full-length M r 50,000 form of cyclin E (termed EL1; Fig. 1A ), the T1 construct codes for the M r 45,000 and M r 44,000 forms (termed EL2 and EL3), and the T2 construct codes for the M r 35,000 and M r 33,000 forms (termed EL5 and EL6). Hence, the forms generated by the T1 and T2 constructs correspond to the endogenous LMW forms that we termed EL2,3 and EL5,6, respectively (5). EL2,3 (i.e., T1) and EL5,6 (i.e., T2) are expressed in ER-negative breast cancer cells generated after cleavage by an elastase-like protease at the amino acid 40 -45 and A69-D70 sites, respectively (5). Several clones representing each of the transfected vectors were selected, and their expression of cyclin E was assessed by Western blot analysis using anti-FLAG and anti-cyclin E antibodies. These experiments revealed different levels of expression of each of the cyclin E isoforms (Fig. 1B) , and the level of cyclin E expression in each clone corresponded to its kinase activity: T1 and T2 clones showed 3-5-fold higher FLAG-associated kinase activity and 2-fold higher cyclin E-associated kinase activity than EL1 clones (Fig. 1C) . Moreover, overexpression of cyclin E resulted in increases in p53 (P ϭ 0.0039) and p21 (P ϭ 0.0446) expression levels, whereas p27 (P ϭ 0.3423) and Cdk2 (P ϭ 0.2584) levels remained relatively unchanged when compared with those in empty vector-only cells.
LMW-Associated Kinase Activity Is Resistant to p21 and p27 Inhibition. We next examined the biochemical interactions of the LMW forms of cyclin E with its kinase partner CDK2 and the CDK2 inhibitors (CKIs) p21 and p27 in three clones overexpressing cyclin EL1 or one of the LMW forms (Fig. 2) . These clones were chosen as they overexpressed cyclin E, T1, and T2 at similar levels, (i.e., 4-, 6-, and 5-fold higher levels, respectively, than the endogenous cyclin E protein), and this overexpression coincided with p53 activation and parallel p21 induction. In the EL1-overexpressing cells, both p53 and p21 were induced by 2-fold over the parental or vector-only controls, whereas in the T1 and T2 clones, p53 and p21 were induced by 2.5 and 5 times, respectively, over the controls ( Fig. 2A) . Despite the high levels of p21 in cyclin E-transfected cells, T1-and T2-overexpressing cells manifested 4 -5-fold greater FLAG-associated kinase activity than the EL1 form, and ϳ3-fold greater cyclin E-associated kinase activity and CDK2 kinase activity compared with the empty vectoronly cells (Fig. 2B) . Hence, although the levels of cyclin E overexpression between EL1 and LMW forms were similar ( Fig. 2A; i.e., all ϳ5-fold higher than endogenous cyclin E), the LMW-overexpressing clones had higher FLAG, cyclin E, and CDK2 kinase activity than the EL1 clones (Fig. 2B) , even in the presence of high levels of p21.
To explore the mechanism for the differences in kinase activities between the EL1 and the LMW forms, we analyzed the composition of the cyclin E immune complexes in each of the clones (Fig. 2C ). For these experiments, cyclin E was immunoprecipitated using a polyclonal antibody as described elsewhere (5, 7) followed by Western blot analysis with the indicated monoclonal antibodies (Fig. 2C) . Our results revealed that the 5-fold increase in cyclin E level was accompanied by increased binding of p21 and p27 to cyclin E complexes. Specifically, the EL1 complexes contained 7 times more p21 than the controls, whereas the T1 and T2 complexes contained 15 times more p21 than the controls. Similarly, the extent of binding of p27 to the T1 and T2 complexes was much higher than that to EL1 cells or controls (Fig. 2C) , despite there being no increase in the basal levels of p27 ( Fig. 2A) . This binding of p21 and p27 resulted in decreased activity of the cyclin EL1 complexes. In T1 and T2 complexes, however, even with high levels of p21 and p27 binding, the cyclin E kinase was 2-fold greater than that of the EL1-associated kinase, suggesting that the cyclin E kinase activities associated with the LMW form complexes are more resistant to p21 and p27 inhibition than the cyclin E kinase activity associated with the full-length cyclin E.
Next, we examined the composition of the CDK2 complexes in the cyclin E clones and found that 4 times more p21 and p27 was bound to CDK2 in T1 and T2 clones than in EL1 clones (Fig. 2D ). This increased binding was due in part to higher CDK2 levels in the T1 and T2 clones than in the EL1 clones ( Fig. 2A) . We also found greater CDK2 kinase activity in the T1 and T2 clones than in the EL1 clones, despite increased binding of p21 and p27 to T1-and T2-Cdk2 complexes (Fig. 2, B and D) . These results suggest that the resistance of the LMW cyclin E forms to inhibition by p21 and p27 is not because of lack of interaction between the LMW forms and these inhibitors. Because the levels of CDK2 were 2-fold higher in the T1 and T2 clones than in the EL1 clones ( Fig. 2A) , the greater kinase activity associated with both CDK2 and cyclin E in the T1 and T2 clones could reflect the higher CDK2 levels and/or the greater affinity of T1 and T2 than of EL1 for CDK2 (Fig. 2, C and D) . Hence, the increased cyclin E kinase activity in LMW-overexpressing cells may have been due in part to increased affinity of T1 and T2 for Cdk2 and in part to their decreased sensitivity to p21 and p27 inhibition.
To further address this question, we examined the kinase activity associated with p21 and p27 as well as the immune complexes associated with each CKI (Fig. 2, E and F) . For this analysis, the CKIs were immunoprecipitated with polyclonal antibodies to p21 or p27 and then subjected to both kinase assays and Western blot analysis with the indicated antibodies (Fig. 2, E-H) . The results reveal that both p21-and p27-associated kinase activities were significantly greater in the T1 and T2 clones than in the EL1 clones. Specifically, the kinase activity associated with p21 in T1 and T2 clones was 8-fold greater than the kinase activity in EL1 clones, parental or vector-only controls (Fig. 2, E and F) . Similarly, the p27-associated kinase activity was 3-fold greater in T1 and T2 clones than in EL1 clones or controls (Fig. 2, G and H) . Although the levels of p21 were induced in T1 and T2 clones, the levels of p27 remained unchanged in these clones as compared with EL1 clones or controls ( Fig. 2A) , suggesting that the increased kinase activity associated with the CKIs was not due purely to increased levels of these inhibitors in T1 and T2 clones. These results reveal that the LMW forms of cyclin E are resistant to p21 and p27 inhibition, whereas EL1 remains sensitive, suggesting that p21 and p27 could be assembly factors for T1 and T2 forms of cyclin E, similar to their role in this capacity when complexed with CDK4 (27, 28) .
LMW Forms of Cyclin E Are Resistant to Inhibition by Purified p21. To confirm the increased resistance of LMW forms of cyclin E to CKI inhibitors, we used the baculovirus expression system, which allows precise control of the expression (i.e., amount) of the different proteins implicated in the activity of the cyclin E/CDK2 complexes. In these experiments (Fig. 3) , the insects cells were initially coinfected with the three different cyclin E vectors and CDK2. The homogenates were incubated in presence of increasing concentration of purified HA-p21 (0 -500 nM), and the CDK2 complexes were then affinity purified and subjected to kinase assays using GST-Rb as substrate. Additionally, the binding of p21 to cyclin E/CDK2 complexes was also assessed. These analyses revealed that the concentration of HA-p21 required to inhibit the cyclin E/CDK2 activity by 50% (i.e., IC 50 ) was 50 nM. However the IC 50 of p21 required to inhibit the LMW forms of cyclin E was 3-5-fold higher than the one inhibiting the full length. Furthermore, whether the relative or the normalized CDK2-associated GST-Rb kinase activity values were used, the IC 50 s were identical, suggesting that the resistance of the LMW forms of cyclin E to p21 is not because of higher basal activity of these forms as compared with the full length. When we examined if the binding of the p21 to the LMW forms was in anyway compromised to account for the resistance of these forms to inhibition, we found that the LMW forms of cyclin E/CDK2 complexes bind to p21 at concentrations where these inhibitors do not 3201 Fig. 2 . Cyclin E/Cdk2-LMW-associated kinase activities are more resistant to p21 and p27 inhibition than the cyclin E/Cdk2-EL1-associated kinase activity in MCF-7 cells. A, three stable clones overexpressing cyclin EL1, T1, or T2 at similar levels were subjected to Western blot analysis (50 g of cell lysate) with the indicated antibodies. B, FLAG, cyclin E, and Cdk2 kinase assays were performed on the same cell extracts by immunoprecipitating equal amounts of cell lysate (250 g) with monoclonal antibodies to FLAG and cyclin E or polyclonal antibody to Cdk2 coupled to protein A or G beads, using histone H1 as substrate. C and D, immune complex formation with cyclin E (C) or Cdk2 (D) was assessed for the same samples by subjecting the anti-cyclin E and anti-Cdk2 immunoprecipitates to Western blot analysis using the same antibodies as for the kinase assays. Immune complex formation with p21 (E) or with p27 (G) was assessed for the same samples by subjecting the anti-p21 and anti-p27 immunoprecipitates to Western blot analysis using the same antibodies as for the kinase assays. p21-and p27-kinase assays were performed on the same cell extracts by immunoprecipitating equal amounts of cell lysate (250 g) with polyclonal antibodies to p21 and p27 coupled to protein A beads, using histone H1 as substrate. Histone H1-associated kinase activities were quantitated by Cerenkov counting (mean Ϯ SD for two independent experiments). Fig. 3, Lanes 4 -6 ). In fact, there was no significant difference in the binding of p21 to the full-length versus LMW/CDK2 complexes, although the full-length cyclin E is much more sensitive to the inhibition by p21 than the LMW forms. Similar results were obtained using HA-p27 (data not shown) confirming our in vivo results.
LOW MOLECULAR WEIGHT CYCLIN E AND GENOMIC INSTABILITY
The LMW Forms of Cyclin E Are More Resistant to Antiestrogen-Induced G 1 Arrest Than the Full-Length Form of Cyclin E. One of the biological consequences of cells overexpressing the LMW forms is that they may become resistant to the growth inhibitory effects of drugs whose mechanism of growth inhibition is through induction of p21 and/or p27 resulting in CDK2 inhibition and subsequent G 1 arrest. One such class of agents is the antiestrogens that are commonly used for the treatment of estrogen receptor positive breast cancer. Because antiestrogen-induced G 1 arrest in MCF-7 cells is mediated through the CKIs p21 and p27 and through a decrease in cyclin E/CDK2 activity (29, 30) , we questioned what effect, if any, overexpression of cyclin E would have on antiestrogen sensitivity. Furthermore, because p21 is induced between 2-and 5-fold in cyclin E-overexpressing MCF-7 cells (Fig. 2A) , the role of p21 in mediating antiestrogen-induced G 1 arrest in these cells can be readily examined. The pure antiestrogen ICI 182,780 was used to discern the antiestrogenic responses of parental and of EL1-and LMW-overexpressing cells (Fig. 4) . For these studies, MCF-7 clones were plated at low density and incubated in the presence of 17␤-estradiol for 48 h to generate an asynchronous, proliferating population. The 17␤-estradiol-containing medium was then removed, and fresh medium containing 10 nM ICI 182,780 was added to block ER signaling, and cells were collected at the indicated posttreatment time intervals and analyzed for cell cycle distribution (Fig. 4A) . The results reveal that ICI 182,780 caused a gradual decrease in the percentage in S phase of cells transfected with empty vector beginning after 12 h of treatment and reaching a minimum of 10% S-phase cells at 48 h. In contrast, cells transfected with cyclin EL1 or its LMW isoforms were much more resistant to the growth inhibitory effects of ICI 182,780 such that at the end of 48 h of treatment, 31, 40, and 48%, respectively, of EL1-, T1-, and T2-transfected MCF-7 cells were still in S phase. These results suggest that cyclin E overexpression can mediate partial resistance to ICI 182,780-induced G 1 arrest. Moreover, cells transfected with T1 or T2 appeared more refractory to ICI 182,780-induced G 1 arrest than cells transfected with the full-length form. In the ER-negative breast cancer cell line MDA-MB-436, ICI 182,780 had no effect on cell cycle phase distribution over 48 h. In empty vector-only cells, the drop in the S-phase cell fraction was preceded by peak induction of p21 at 12 h and a slight increase in p27 protein level, whereas in cyclin E-overexpressing cells, p21 and p27 levels were not modulated by ICI 182,780 treatment (Fig. 4B) .
To better quantify the difference in sensitivity to ICI 182,780-induced G 1 arrest in EL1 and LMW clones, we analyzed the effects of increasing concentrations of ICI 182,780 over several time intervals (Fig. 4C) . In these experiments, the 17␤-estradiol-containing medium was removed, fresh medium containing ICI 182,780 at various concentrations was added, and cells were collected at 24, 48, and 72 h after treatment and subjected to flow cytometric analysis. As shown in Fig. 4C , the EL1-overexpressing cells revealed partial resistance at 24 h, becoming less pronounced at 48 h, and revealed no resistance by 72 h. In contrast, T1-and T2-overexpressing cells were significantly more resistant to ICI 182,780-induced G 1 arrest than EL1 and empty vector-only cells at all three time points examined.
Resistance of LMW-Overexpressing Cells to ICI 182,780-Induced G 1 Arrest Is Caused by Decreased Sensitivity to p21-and p27-Mediated G 1 Arrest. The increased resistance of T1 and T2 to ICI 182,780-induced G 1 arrest could be because of the increased resistance of these LMW-overexpressing cells to p21 and p27 inhibition. To test this hypothesis, we examined the expression and composition of the immune complexes of cyclin E after ICI 182,780 Fig. 3 . The low molecular weight forms of cyclin E are resistant to inhibition by purified p21. After 60 h coinfection with baculoviruses containing CDK2 and indicated cyclin E constructs (EL, T1, or T2), Sf9 insect cell lysates were prepared to obtain protein extracts. Equal amount (300 g) of protein extracts from each condition were first incubated with purified HA-p21 at different concentrations ranging from 0 nM up to 500 nM (i.e., 0, 3.9, 7.8, 15.6, 31.25, 62.5, 125, 250, and 500 nM, corresponding to Lanes 1-9, respectively, for 30 min at Fig. 4C) . The samples were then immunoprecipitated with polyclonal antibody to CDK2 and subjected to kinase assays using GST-Rb as substrate or to Western blot analysis with the indicated antibodies. The kinase assays were quantitated and presented as raw Cerenkov values (i.e. cpm). IC 50 s correspond to 50% inhibition of the CDK2 kinase activity. (Fig. 5) . In the empty vector-only MCF-7 cells, the p21 protein level in ICI 182,780-treated cells increased by 2-fold 48 h after antiestrogen treatment, consistent with what was described in other studies (31) , but p27 protein levels remained unchanged. Endogenous cyclin E protein levels increased slightly after antiestrogen treatment (Fig. 5A) , as documented previously (30) . However, exogenous EL1, T1, and T2 protein levels were not modulated by antiestrogen treatment. Examination of immune complexes of cyclin E revealed that, in empty vector-only cells, there were increases in cyclin E-CDK2-associated p21 and p27 in ICI 182,780-treated cells, concomitant with a 3-fold reduction in kinase activity. The levels of cyclin ECdk2-associated p21 and p27 in ICI 182,780-treated and vehicle-treated EL1-overexpressing cells were very similar, and the cyclin E-associated kinase activity was also similar to that of ICI 182,780-treated control cells. In striking contrast, T1-, and T2-overexpressing cells maintained their kinase activity 48 h after treatment with ICI 182,780 at levels 3-and 2-fold higher, respectively, than empty vector-or EL1-transfected cells. Such elevated kinase activities occurred despite high levels of both p21 and p27 binding to cyclin E complexes (Fig. 5, B and C) . Collectively, our data suggest that the increased affinity of LMW forms of cyclin E for CDK2 and their resistance to p21 and p27 inhibition account for the bypass of ICI 182,780-induced G 1 arrest in T1-and T2-transfected MCF-7 cells.
LOW MOLECULAR WEIGHT CYCLIN E AND GENOMIC
Consequences of EL1 and LMW Overexpression on Proliferation and Ploidy of Breast Cancer Cells. Next, we addressed whether cyclin E overexpression in MCF-7 cells would have an impact on proliferation or DNA index of the cells (Fig. 6) . Initially, we measured the proportion of cells in the different cell cycle phases by flow cytometry and found that the cyclin E-positive clones had lower G 1 and higher S-phase cell populations than cyclin E-negative clones. In control MCF-7 cells (empty vector-only clones), the percentage of cells in S phase was 22.5 Ϯ 8.2%, whereas in cyclin E-overexpressing cells, the percentages of cells in S phase were 30.7 Ϯ 1.1% for EL1, 31.8 Ϯ 6.5% for T1, and 26.2 Ϯ 3.6% for T2 (Fig. 6A) . The flow cytometry analysis also showed that cyclin E overexpressing cells had a 4 -6-fold increase in the percentage of cells with a polyploid DNA contents when compared with empty vector cells ( Table 2 , P Ͻ 0.01). These changes in cell cycle distribution and ploidy correlated with the level of cyclin E overexpression. Despite these increases in the S-phase population, no decrease in doubling time or increase in plating efficiency was observed in cyclin E-overexpressing clones (data not shown). Microscopic examination of cyclin E-overexpressing colonies in the colony-forming assay, however, showed greater frequency of giant polyploid cells than in empty vectoronly cells (Fig. 6B) , suggesting that nuclear DNA content is disrupted in the T1 and T2 clones, consistent with the ploidy data from these cells ( Table 1) .
Overexpression of Cyclin E in MCF7 Cells Induces Genomic Instability. A relevant feature of the pathobiology of the overexpression of the LMW forms of cyclin E could be their ability to induce chromosome instability in human beast epithelial cells. Because chromosomal abnormalities are a feature of all solid tumors and increase with progression of the disease process, we questioned if the overexpression of the LMW forms of cyclin E could result in genomic instability. To this end, we undertook a detailed chromosome analysis of the EL-, T1-, and T2-overexpressing MCF-7 clones. Compared with vector transfected and untransfected parental cell lines, transfection of T1 and T2 constructs induced a dramatic 7-and 4-fold increase in the number of chromosomal aberrations/cell, respectively (Fig. 7) . These aberrations included multiple chromosomal fragments, breaks, and subtelomeric chromatid breaks, resulting in telomeric associations (Fig. 7B-E) . In addition, a 3-4-fold increase in the number of polyploid and tetraploid cells were observed in T1 and T2 transfectants, most likely a result of chromosomal endoreduplication (Fig. 7, C and D) . Although chromosome aberrations were also present in cells transfected with EL1-cyclin E, the total number of structural aberrations was significantly reduced compared with those observed in T1-and T2-transfected cell lines (Table 2 ). These results suggest that overexpression of the LMW forms of cyclin E induces genomic instability by promoting aneuploidy and the formation of structural chromosomal lesions. Fig. 4 . Low molecular weight-overexpressing MCF-7 cells are more resistant to ICI 182,780-induced G 1 arrest than EL1-overexpressing MCF-7 cells. A, exponentially proliferating MCF-7 cells were treated with ICI 182,780 (10 nM) or ethanol vehicle, and cells were harvested at the time points indicated for flow cytometric analysis of propidium iodide-stained nuclei. The numbers given are mean values Ϯ SD (number of independent clones n ϭ 3 for 4.0, n ϭ 2 for EL1, n ϭ 6 for T1, n ϭ 3 for T2; ‫,ءء‬ P Ͻ 0.01 versus empty vector-only cells). B, the three stable clones overexpressing EL1, T1, or T2 at similar levels, previously selected, were subjected to the same experiment as in A. Cell extracts were collected at the indicated time points and were subjected to Western blot analysis (50 g of cell lysates) with the indicated antibodies. Similar results were obtained with at least one additional clone for each vector. C, after proliferating MCF-7 cells were treated with ICI 182,780 over the range of concentrations indicated, cells were harvested and stained with propidium iodide for analysis by flow cytometry. Changes in S-phase fraction for each of the clones treated for 24, 48, or 72 h are presented relative to the S-phase fraction of vehicle-treated controls for each cell line, which was 19% for empty vector cells (Figs. 1-7) . The question still remains, however, if the overexpression of the LMW forms of cyclin E in tumors of breast cancer patients correlates with polyploidy and/or resistance to antiestrogens-two parameters, which we assessed in our model system. For this purpose, we examined the relationship between ploidy and cyclin E protein levels among 331 stage I-III breast cancer patients and found a significant correlation, P ϭ 0.0003. Twenty-one of 105 patients with diploid tumors had high levels of total cyclin E (i.e., full-length ϩ LMW forms), compared with 69 of 226 patients with polyploidy tumors (P ϭ 0.045, 2 test). Further- Fig. 6 . Consequences of EL1 and low molecular weight overexpression on proliferation of breast cancer cells. A, cell cycle distribution of stable MCF-7 clones. After being harvested, the cells were stained with PI and subjected to flow cytometric analysis. The graphic shows the distribution of cells in each phase of the cell cycle (number of independent clones n ϭ 9 for 4.0, n ϭ 2 for EL1, n ϭ 5 for T1, n ϭ 4 for T2; the numbers given are mean values Ϯ SD; ‫,ءء‬ P Ͻ 0.01 and ‫,ء‬ P Ͻ 0.05 versus empty vector-only cells. B, colony-forming ability assays for MCF-7 clonal lines. Stable MCF-7 cells (10 Table 1 Percentage of polyploidy in vector and cyclin E-overexpressing MCF7 cells as determined by flow cytometry analysis The number of independent clones was n ϭ 6 for vector, n ϭ 2 for cyclin E-EL, n ϭ 4 for cyclin E-T1, and n ϭ 5 for cyclin E-T1. Data presented are means Ϯ SD from three independent experiments. 250 g) were immunoprecipitated by using a monoclonal cyclin E antibody coupled to protein G beads, and the immune complexes were resolved by SDS-PAGE; this was followed by immunoblotting using the indicated antibodies or by kinase assay, using histone H1 as substrate. C, histogram showing the arbitrary values of the cyclin E kinase activity by the immune complex kinase assay 48 h after addition of ICI 182,780. Histone H1-associated kinase activities were quantitated by Cerenkov counting. Similar results were obtained with at least one additional clone for each vector. 3205 more, of the 241 patients whose tumors expressed low levels of cyclin E, the DNA content of the tumors did not impact DSS rate; the outcomes of this subgroup were uniformly favorable (Fig. 8A) . Among the remaining 90 patients whose tumors expressed high levels of cyclin E, on the other hand, the 5-year DSS rate was significantly lower among those with polyploid tumors (P ϭ 0.02, log-rank test). At a longer follow-up interval, however, this difference in survival was lost (P ϭ 0.083, log-rank test) because of late disease-related deaths among patients with diploid tumors (Fig. 8B) . The survival data, therefore, suggest that diploid tumors expressing high levels of cyclin E have a more indolent course than polyploid tumors yet remain fully malignant, with survival approaching 0% at 8 years.
To examine if overexpression of the total cyclin E is associated with resistance to antiestrogen treatment, we investigated the impact of antiestrogens among 150 stage I-III ERϩ patients who had high cyclin E. We found no difference in DSS among patients receiving antiestrogen treatment compared with those receiving adjuvant chemotherapy but no antiestrogens (Fig. 8C) , suggesting that patients with high cyclin E-overexpressing tumors may be resistant to the effects of antiestrogen therapy. The data combined from these clinical studies provide additional support for the relevance of the LMW forms of cyclin E to human disease.
DISCUSSION
In this article, we describe the development of a breast cancer cell model system stably overexpressing full-length (EL1) or LMW (T1 and T2) forms of cyclin E in the estrogen-responsive, antiestrogensensitive breast tumor cell line MCF-7. Our results reveal that cyclin E overexpression induces p53 and p21 expression, resulting in increased binding of p21 and p27 to cyclin E, inactivating cyclin E and CDK2 activities in cells overexpressing the full-length form. Cells overexpressing the LMW forms of cyclin E, on the other hand, are resistant to these inhibitors and consequently are functionally hyperactive. The increased cyclin E kinase activity in T1-and T2-overexpressing cells results from increased affinity for CDK2 and resistance to inhibition by the CDK inhibitors p21 and p27. Furthermore, when both the full-length and LMW forms of cyclin E are coexpressed in cells in the insect expression system, p27 preferentially binds to the LMW forms and is unable to inhibit Cdk2 activity.
The resistance of the LMW forms of cyclin E to p21 and p27 inhibition is not because of lack of interaction between the LMW forms and these inhibitors. Our in vitro data revealed that despite p21 and p27 binding to LMW forms of cyclin E, CDK2 kinase activity is not inhibited. Sequence analysis of cyclin EL1 has shown that the NH 2 terminus region forms two tandem hairpin loop-type structures that may expose the critical residues cleaved by the elastase-like protease (5). The structure of cyclin A/Cdk2 bound to the NH 2 terminus of p27 has been previously described (32) , and the region of cyclin A interacting with p27 is conserved and present in LMW forms of cyclin E (residues 139 -145). Because activation of the kinase by cyclin binding induces conformational changes (33) , the absence of the NH 2 -terminal region in the LMW forms of cyclin E could remove negative interactions for CDK2 binding so that the LMW forms bind CDK2 more effectively than EL1. The absence of this region does not affect the binding of p21 or p27 inhibitors to the LMW forms but may affect interactions of the inhibitors with the kinase domain of the complex, preventing inhibition of the catalytic cleft of CDK2.
Cells overexpressing LMW forms of cyclin E accumulated in S phase without an accompanying increase in the doubling time, suggesting a defect in S-phase progression. A significant fraction of these cells become polyploid, and cytogenetic analysis revealed that numerous structural chromosome aberrations, including chromosome breaks, fragments, and fused chromosomes, were higher in MCF-7 cells expressing T1 and T2 than in cells expressing the EL1 construct. In addition, the frequency of poly/tetraploid metaphases also increased in T1 and T2 cells. The presence of endoreduplication in T1 and T2 expressing cells suggest that two rounds of chromosome division (karyokinesis) has taken place with only one round of cell division (cytokinesis), most likely because of a delay in S-phase transition. Unrepaired chromosome breaks are highly recombinogenic, which can invade other chromosomes to produce nonreciprocal translocations through the bridge-fusion-bridge cycle (34) . Because nonreciprocal translocations are known to be associated with widespread duplication and deletion of large chromosomal regions, this mechanism could readily impact on loci governing cancer initiation and progression (35) . This view is supported by our observation that tumors from breast cancer patients overexpressing the LMW forms of cyclin E show a significant increase in the number of polyploid nuclei, suggesting that cyclin E overexpressing tumors may be more prone to genomic instability.
LMW forms of cyclin E have enhanced biochemical and biological properties that differ from those of full-length cyclin E. One such property is the ability of the LMW forms to become resistant to antiestrogens. Recent studies demonstrate that p21 and p27 are key mediators of tamoxifen-and ICI 182,780-induced G 1 arrest (29, 30) . Both inhibit cyclin E/CDK2 kinase activity 48 h after treatment, and our data show that overexpression of the full-length form of cyclin E induces partial resistance over the first 24 h of treatment, a finding consistent with data from ICI 182,780-treated T47D cells (36) and tamoxifen-treated MCF-7 cells overexpressing cyclin E (37). In T1-and T2-overexpressing cells, however, ICI 182,780 resistance was more prominent and was maintained over 72 h of treatment. Antiestrogen treatment did not modulate p27 or p21 levels, which were constitutively high in cyclin E-overexpressing cells. In this setting, the excess cyclin E was bound to p21 and p27, which suppressed the kinase activity of full-length cyclin E completely by 48 h but had little inhibitory effect on T1 and T2 kinase activity, which were not decreased in response to antiestrogen treatment.
We recently reported that high levels of either total cyclin E or of the LMW forms of cyclin E were significantly correlated to poor outcome in breast cancer patients (7) . The data presented here provides a potential mechanism for how the LMW forms of cyclin E increase the aggressiveness of the disease. First, increased kinase activity in the presence of p53 activation and high p21 levels may interfere with the normal functions of cyclin E, leading to aberrant licensing of replication origins and promoting genetic instability. This genomic instability accelerates acquisition of genetic defects, driving tumor cells toward a more advanced stage of disease. Second, because LMW-overexpressing cells can bypass p21 and p27 inhibition, their overexpression confers to the tumor a growth advantage and a decreased sensitivity to antiestrogen treatment. Third, overexpression of the LMW forms of cyclin E in tumors from patients with breast cancer may confer resistance to antiestrogens.
Cyclin E is overexpressed in 25% of breast cancers (7). Two-thirds of the breast tumors examined in this and our previous study (7) were ER positive, and ER is used as a molecular target for endocrine therapy. Only 50% of patients with ER-positive tumors and 75% of patients with tumors exhibiting both ER and progesterone receptor positivity respond to endocrine therapy (38) . Acquired resistance limits the effectiveness of the treatment for a finite period of time. ICI 182,780 was developed as an alternative for patients who develop resistance to tamoxifen. LMW forms, by bypassing the inhibitory effects of p21 and p27 induced by antiestrogen treatment, provide a mechanism for acquisition of de novo or acquired resistance and raise the possibility that antiestrogen treatment is ineffective in cyclin E-overexpressing breast tumor cells. We see that breast cancer patients whose tumors express high levels of cyclin E appear to derive no survival benefit from adjuvant tamoxifen therapy, providing clinical support for the hypothesis that cyclin E is an important mediator of antiestrogen resistance. Fig. 8 . Presence of low molecular weight forms of cyclin E in breast tumors correlates with polyploidy and lack of response to antiestrogen therapy. A, relationship between ploidy and cyclin E protein levels among 331 stage I-III breast cancer patients (P ϭ 0.0003). When the difference between the proportion of patients with high cyclin E and diploid tumors (21 of 105; 20%) and the proportion of patients with high cyclin E and polyploid tumors (69 of 226; 30%) is compared by the 2 test the P is significant at 0.045. B, KaplanMeier estimates of disease-specific survival (DSS) rates in patients with stage I-III breast cancers with low total levels of cyclin E expression as a function of ploidy (n ϭ 241). C, Kaplan-Meier estimates of DSS rates in patients with stage I-III breast cancers with high total levels of cyclin E expression as a function of ploidy (n ϭ 90; 5-year DSS; P ϭ 0.02, log-rank test and overall DSS, P ϭ 0.083, log-rank test). D, Kaplan-Meier estimates of DSS rates in patients with stage I-III breast cancer stratified per level of cyclin E expression and antiestrogen treatment (n ϭ 150).
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In this article, we highlight important biochemical and functional differences between EL1 and LMW isoforms of cyclin E. The functional hyperactivity of the LMW isoforms when compared with EL1 is because of (a) more effective binding to CDK2 and (b) resistance to inhibition by p21 and p27 despite these inhibitors' binding to the LMW/CDK2 complexes. These altered biological properties of the LMW cyclin E forms provide a molecular mechanism for understanding the poor outcome of breast cancer patients whose tumors express high levels of cyclin E. Generation of LMW forms of cyclin E, therefore, provides a new mechanism for deregulating cell cycle progression and points to their potentially essential role in tumorigenesis.
